The transforming growth factor ␤ (TGF␤) superfamily of cytokines includes TGF␤, activin, and bone morphogenetic proteins (BMPs) that control a plethora of physiological processes, such as cell growth, differentiation, and apoptosis. TGF␤ and related factors initiate signaling through their binding to heteromeric receptor complexes at the cell surface and subsequent activation of the intracellular Smads (39) . Eight Smads exist in mammals, including five receptor-activated Smads (R-Smads), one common mediator Smad (Co-Smad; i.e., Smad4), and two inhibitory Smads (I-Smads). Of the RSmads, Smad2 and Smad3 transduce signals from TGF␤ and activin, while Smad1, Smad5, and Smad8 transduce signals from BMPs. Upon ligand-induced activation of TGF␤ receptors, Smad2/Smad3 become phosphorylated by the TGF␤ type I receptor (T␤RI), dissociate from the receptor, oligomerize with Smad4, and translocate to the nucleus, where they regulate transcription of TGF␤ target genes (12, 31) . At the end of active signaling, activated Smad2/Smad3 are believed to be dephosphorylated (30) and exported from the nucleus to the cytoplasm in order to sense the TGF␤ receptor activity on the cell surface (21, 34, 38, 42) . Thus, the strength and duration of TGF␤ signaling can be modulated by activation-inactivation cycles and nucleocytoplasmic shuttling of Smads.
Erbin (for "ErbB2/Her2-interacting protein") is the founding member of the leucine-rich repeat (LRR) and PDZ (PSD-95/DLG/ZO-1) domain (LAP) family, which is characterized by 16 LRRs at the N terminus and 1 to 4 PDZ domains at the C terminus (3, 5, 19) . Other members in the LAP family (Densin-180, Let-413, and Scribble) are involved in determining epithelial integrity (1, 3, 5) . Through their LRRs and PDZ domains, LAP family proteins are speculated to mediate protein-protein interactions that contribute to the organization of subcellular structures and signal transduction complexes (5, 26, 36) .
Erbin originally was identified as a direct and specific binding partner of ErbB2 of the epidermal growth factor receptor (EGFR) family through its C-terminal PDZ domain (4) . Erbin localizes to the basolateral side of epithelial cells through its N-terminal LRR domain (4, 29) and functions to restrict ErbB2 to the basolateral membrane (4) . Our knowledge of Erbin's functional role in cells has been expanded rapidly by identification of new interaction partners. Via its PDZ domain, Erbin interacts with proteins involved in cell-cell or cell-matrix interaction (19, 22, 23, 24, 28, 35) . Via its LRR domain, Erbin interacts with scaffold protein Sur-8 and disrupts the Sur-8-Ras-Raf interaction, thereby inhibiting extracellular signal-regulated kinase (ERK) activation (8, 20, 26, 36) . Similarly, the LRR domain also mediates the interaction of Erbin with Nod2, an intracellular sensor of a specific bacterial cell wall component, indicating that Erbin may regulate inflammatory responses via Nod2-dependent activation of NF-B and cytokine secretion (32) .
In this study, we uncover a novel function of Erbin as a modulator of TGF␤ signaling. We show that Erbin inhibits TGF␤ signaling through a physical interaction with and functional antagonism to TGF␤-specific Smad2 and Smad3. A novel Smad-interacting domain (SID) was identified in a functionally unassigned region immediately upstream of the conserved PDZ domain in Erbin. SID is necessary and sufficient to mediate Erbin's inhibitory effect on TGF␤ signaling. Furthermore, Erbin blocked activin-responsive, but not BMP-respon-sive, endogenous gene expression in early Xenopus embryos. Taking the results together, our studies define Erbin as a novel modulator of TGF␤ signaling through its direct interaction with Smad2/Smad3 and suggest that Erbin may regulate cell fate determination by inhibiting TGF␤ signaling.
MATERIALS AND METHODS
Expression plasmids. Mammalian expression plasmids for epitope-tagged (hemagglutinin [HA] or FLAG) Smad and Gal4-Smad proteins (13, 14) , Smad2/Smad3 mutants that either lack C-terminal serine phosphorylation [Smad2/Smad3(2SA)] or harbor phosphorylation-mimetic residues [Smad2/Smad3(2SD)] (30), Myc-tagged full-length human Erbin, and Erbin mutants (LRR, 965-1371, and ⌬PDZ) (20) were described previously. HA-tagged Smad3-LC was generated by PCR using primers spanning amino acids (aa) 143 to 426 of human Smad3 and was cloned into EcoRI and SalI sites of the expression vector pXF3H (derived from pRK5 [Genentech] ). Other Myc-tagged Erbin deletion mutants, including Erbin(392-986), Erbin(962-1084), Erbin(1071-1181), Erbin(1172-1282), Erbin(1229-1279), and Erbin(1172-1234), were generated by PCR using primers spanning the indicated region and were cloned into EcoRI and SalI sites of the expression vector pRK5M. To generate the Myc-tagged Densin-180 expression construct, three fragments were amplified from a cDNA library, a 1.7-kb ClaI-EcoRV fragment, a 1.5-kb EcoRV-SpeI fragment, and a 1.3-kb SpeI-NotI fragment, and they were subcloned in pBluescript KS(Ϫ). The resulting full-length Densin-180 subsequently was subcloned at the NotI site in pEF6. Myc-Erbin-v7 was constructed based on the human ErbB2 interacting protein (ERBB2IP), transcript variant 7 sequence (NCBI database accession no. NM_001006600) by using primers specifically skipping the amino acids (residues 1212 to 1280) from the pRK5M-Erbin construct.
Antibodies. The following commercial antibodies were used in this study: anti-Flag (M2; Sigma), anti-HA (12CA5; Roche), anti-Myc (9E10; Santa Cruz Biotechnology), anti-HA and anti-Myc affinity gels (Sigma), anti-Smad2 and anti-Smad3 (Zymed), anti-Smad2/Smad3 (E-20; Santa Cruz Biotechnology), and anti-phospho-Smad2 (anti-P-Smad2) (Cell Signaling Technology). Anti-phospho-Smad3 (anti-P-Smad3) was a gift from Ed Leof (Mayo Clinic). Anti-ERK1/2 antibody (Transduction Laboratories), anti-phospho-p44/42 mitogen-activated protein kinase antibody (E10; Cell Signaling Technology), and anti-Erbin antibody were described previously (19) .
Cell lines and transfection. Human HeLa, HaCaT, and HEK293T cells were grown as described previously (14) . HaCaT cells stably expressing enhanced green fluorescent protein (EGFP)-Smad2 were kindly provided by Caroline Hill (34) . C2C12 cells were maintained as undifferentiated myoblasts in Dulbecco's modified Eagle's medium with high glucose and was supplemented with 10% fetal bovine serum. HaCaT cells were transfected with SuperFect (QIAGEN), HEK293T cells were transfected with Lipofectin (Invitrogen), HeLa cells were transfected with Transfectin (Bio-Rad), and C2C12 cells were transfected with LipofectAmine (Invitrogen).
Transcription reporter assays. Plasmids SBE-Luc, p21-Luc (both gifts from Bert Vogelstein), and ARE-Luc (a gift from Malcolm Whitman) were used to measure TGF␤-induced transcription. Plasmid Id1-Luc (a gift from Peter ten Dijke) was used to measure BMP-induced transcription. pSV␤gal (Promega), which expresses ␤-galactosidase under the control of the simian virus 40 early promoter, was cotransfected to allow the normalization of transfection efficiency. The amount of individual plasmid DNAs used for transfection was 0.25 g per well (in a 12-well tray) unless specifically indicated otherwise. The total amounts of transfected DNA were adjusted to make them equal by addition of vector DNA when necessary. Reporter assays were carried out as described previously (14) . Briefly, 20 to 24 h after transfection, cells were treated with TGF␤1 (2 ng/l) or BMP2 (50 ng/l) for 24 h. Cells then were harvested for measurement of luciferase and ␤-galactosidase activities. All assays were done in duplicate, and all values were normalized for transfection efficiency against ␤-galactosidase activities.
RNA interference. The target sequences of short hairpin RNA 609 (shRNA-609) (GCAACTAAGTGGATTGAAA) and shRNA-795 (GCAGCTTCCTGA GACTATT) correspond to nucleotides 609 to 617 and 795 to 813, respectively, of the human Erbin coding region. Annealed sense and antisense DNA oligonucleotides corresponding to the shRNA Erbin target sequence were cloned into the pSRG vector (30) . Stable HaCaT cells expressing shRNA-795 were generated and selected with 2 g/l of puromycin. For established shRNA Erbin stable cells, two independent lines, KD-1 and KD-2, were chosen for subsequent functional assays.
GST fusion protein, in vitro protein binding, and pull-down assays. Glutathione S-transferase (GST) fusion proteins were prepared by using a commercial kit (Amersham Pharmacia Biotech). In vitro-translated (TNT kit; Promega) 35 Slabeled protein was precleared with 5 g of GST protein first (1 h) and then was incubated with 5 g of different GST fusion proteins (2 h), as indicated below, in the in vitro binding buffer (50 mM Tris-HCl [pH 7.5], 120 mM NaCl, 2 mM EDTA, 0.1% NP-40). Proteins bound to GST fusion proteins were retrieved by binding them to glutathione-Sepharose beads (Amersham Pharmacia Biotech), separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and visualized by autoradiography.
Immunoprecipitation and Western blot analysis. Cells were harvested in 20% glycerol lysis buffer (10 mM HEPES [pH 7.9], 300 mM NaCl, 0.01 mM EGTA, 0.2% NP-40) 48 h after transfection. HA-or Myc-tagged proteins were immunoprecipitated from the cell lysate by an anti-HA or anti-Myc affinity gel, and after being extensively washed, they were eluted in SDS sample loading buffer (Bio-Rad). Eluted proteins were separated by SDS-PAGE, transferred to nitrocellulose, and detected in an immunoblot assay with appropriate antibodies as indicated below. Antibody-bound proteins were visualized by horseradish peroxidase-conjugated secondary antibody followed by chemiluminescence (Pierce).
Thymidine incorporation assays. For thymidine incorporation assays, cells were grown in 12-well plates (20,000 cells per well) in culture medium supplemented with 0.2% fetal bovine serum for 12 h before TGF␤ treatment for 48 h. [ 3 H]thymidine was added to cells (0.025 mCi/well) 4 h before harvest. Cells were washed twice in phosphate-buffered saline, fixed in 5% trichloroacetic acid, and rinsed with water, and then DNA was extracted in 0.5 M NaOH. Radioactivity was measured by scintillation counting. The data were plotted as average values with standard errors of duplicate repeats for each condition for each independent experiment. Each independent experiment was repeated twice.
Xenopus gene expression analyses. RNAs used for microinjection into Xenopus embryos were synthesized with SP6 RNA polymerase using an mMessage mMachine kit (Ambion). The following DNA templates were used: AscI-linearized pCS105-Erbin, pCS105-Smad1, and pCS105-Smad2; EcoRI-linearized pSP64T-activin; and AscI-linearized pCS105-BMP4(flag). RNAs of the above genes were injected alone or in combination into the animal poles of two-cellstage embryos. The doses of RNAs used were the following: Erbin, 1 ng; Smad1, 1 ng; Smad2, 0.2 ng; activin, 1 pg; and BMP4, 20 pg. Ectodermal explants (animal caps) from injected embryos were obtained at the blastula stages (stage 9) and incubated to the gastrula stages (stage 11) or tadpole stage (stage 28), at which time total RNA was extracted from these caps, and then the gene expression pattern was analyzed by reverse transcription-PCR (RT-PCR). The primers used in RT-PCR were described previously (6) .
Immunofluorescence. Cells grown on coverslips were fixed with 4% formaldehyde for 30 min at 4°C, followed by 0.5% Triton X-100 treatment for 30 min, and then they were blocked with 5% milk in PEM buffer [400 mM potassium piperazine-N,NЈ-bis(2-ethanesulfonic acid) (pH 6.8), 0.8 mM EGTA, 5 mM MgCl 2 ]. Cells then were probed with the indicated primary antibody, followed by being probed with Alexa Fluor 546 (Molecular Probes) anti-mouse antibody, and then they were examined with a Zeiss Axioplan II microscope.
RESULTS
Erbin physically interacts with TGF␤-specific Smad2 and Smad3. In a search for cellular proteins that interact with Erbin in a yeast two-hybrid screen, we identified Smad proteins. This finding supports a previous report on Smad3-Erbin interaction (40) . To further investigate the specificity of ErbinSmad interaction, we carried out coimmunoprecipitation experiments to examine the association between Erbin and Smad1 to Smad4. We found that Erbin was detected in the immunoprecipitates of Smad2 and Smad3 but not in those of Smad1 and Smad4 (Fig. 1A, blot a) ; similarly, in a reciprocal experiment, only Smad2 or Smad3 was detected in the immunocomplexes of Erbin (Fig. 1A, blot b) . In addition, P-Smad2 or P-Smad3 was detected in the immunoprecipitates of Erbin (Fig. 1A , blots c and d), indicating that the active forms of Smad2/Smad3 retain their binding capacity to Erbin.
The specific interaction between Erbin and Smad2/Smad3 also was observed in GST in vitro pull-down assays in which 35 S-labeled in vitro-translated Erbin could be pulled down only by GST-Smad2 or GST-Smad3 (Fig. 1B) . With a similar amount of GST-Smad proteins, we noticed that more radioactive Erbin was retrieved by GST-Smad3 than GST-Smad2 (Fig.  1B) , suggesting that Erbin binds to Smad3 more strongly than to Smad2.
We next examined if Smad2/Smad3 could bind to another member of the LAP protein family. Densin-180 shares the highest homology with Erbin, with 72.7% identity in the LRRs, 70.8% in the PDZ domain, and 39% in the intermediate region (1) . We found that GST-Smad2/GST-Smad3 interacted with Erbin but not with Densin-180 (Fig. 1C) . Taken together, our data suggest that the interaction between Smad2/Smad3 and Erbin is specific.
R-Smads are phosphorylated by T␤RI upon ligand stimulation. To investigate if TGF␤ or BMP regulates Erbin-Smad interaction, we utilized type I receptor mutants that constitutively phosphorylate R-Smads. After confirming constitutive phosphorylation of Smad2 and Smad3 by ALK5(T202D) (Fig. 1A , blots g and h), the effect of ALK5(T202D) on the Erbin-Smad2 and Erbin-Smad3 interactions was examined. As shown in Fig. 1A (blots a and b, lanes 4 to 7), activation of TGF␤ signaling had no effect on the Erbin-Smad2 or Erbin-Smad3 association. Furthermore, constitutive activation of BMP signaling by ALK3(Q233D) did not result in detectable Erbin-Smad1 interaction (Fig.  1A , blot g, lane 3), supporting the notion that Erbin specifically interacts with Smads in the TGF␤, but not the BMP, pathway. To examine further whether Erbin binds equally to active and inactive Smad2/Smad3, we utilized Smad2/Smad3 mutants that either lack C-terminal serine phosphorylation (inactive; 2SA) or harbor phosphorylation-mimetic residues (active; 2SD). In the coimmunoprecipitation experiment, both mutants bound Erbin to an extent similar to that of wild-type Smad2/Smad3 ( Fig. 1D and E ).
Erbin interacts with Smad2/Smad3 under physiological conditions. Having determined that Erbin specifically interacts with Smad2 and Smad3, we sought to investigate whether the interaction between Erbin and Smad2/Smad3 occurs at their endogenous levels and whether this interaction is regulated by TGF␤. We used a TGF␤-responsive cell line, HaCaT, in our assays. As shown in Fig. 1G , immunoprecipitation of endogenous Erbin could retrieve endogenous Smad2 and Smad3. Consistent with the stronger Erbin-Smad3 interaction observed in transfection experiments (Fig. 1A) and in vitro GST pull-down assays (Fig. 1B and C) compared to the ErbinSmad2 interaction, endogenous Erbin also exhibited a much stronger binding to Smad3 than to Smad2 (Fig. 1F) . TGF␤ treatment did not influence Erbin-Smad2 and Erbin-Smad3 interaction (Fig. 1F) . Our data indicate that Erbin specifically (26) . To determine the domains required for Smad binding, a series of Erbin deletion mutants were examined ( Fig. 2A) . We found that a minimal region of 111 aa residues retained strong binding to GST-Smad3 (Fig. 2B, lane 10) . A sequence comparison did not reveal similarity of this region to Smad-binding domains in SARA (37, 41) or Smad-interacting motifs in FoxH1 (15, 37) . This newly identified domain, located in a functionally unassigned region (aa 1172 to 1282) of Erbin and immediately upstream of its PDZ domain (aa 1280 to 1371), was named SID. While all SID-containing mutants, including the N-terminal LRR domain deletion fragment (⌬LRR) (Fig. 2B, lane 5 ) and the C-terminal PDZ domain deletion fragment (⌬PDZ) (Fig. 2B, lane 7) , interacted with Smad3 as strongly as full-length Erbin, deletion mutants lacking SID, such as the LRR domain alone (aa 1 to 392) (Fig. 2B , lane 2) and the intermediate region (aa 392 to 986) (Fig. 2B,  lane 3) , lost the ability to bind to Smad3. Consistent with these data, a GST-SID fusion protein sufficed to bind to 35 S-labeled Smad2/Smad3 in an in vitro binding assay (Fig. 2C) . Again, we observed that GST-SID bound to Smad3 more strongly than to Smad2. Our results suggest that SID is the domain in Erbin mediating Erbin-Smad interaction.
Smad proteins consist of two highly conserved domains: the N-terminal MH1 domain and the C-terminal MH2 domain, linked by a more divergent linker region. We sought to determine the Erbin-interacting domain in Smad2/Smad3. In accordance with a previous report (40) , our in vitro binding assays demonstrated that GST-SID specifically bound to Smad3C (MH2 domain alone) and Smad3-LC (linker region plus MH2) but not to Smad3N (MH1 domain alone) (Fig. 2D) .
In most human tissues, there are several differentially spliced transcripts of Erbin, most of which differ in the coding region upstream of or within the PDZ domain (11) . We noticed that a large chunk (aa 1212 to 1280) of SID is lost in Erbin transcript variant 7 (its product was designated Erbinv7). If SID solely mediates Erbin's interaction with Smad2/ Smad3, Erbin-v7 is expected to lose its interaction with Smad2/ Smad3. Indeed, Erbin-v7 failed to interact with Smad3 in coimmunoprecipitation experiments (Fig. 2E) .
Taken together, our data identified this domain as a novel SID that binds to the MH2 domain of Smad2/Smad3.
Erbin inhibits Smad2/Smad3-mediated transcriptional responses in mammalian cells. To assess the physiological consequence of Erbin-Smad interaction, we next examined the effects of Erbin on Smad2/Smad3-mediated transcriptional activation of TGF␤ target genes. Direct Smad3/Smad4-dependent transcription was assessed using the SBE-Luc reporter, which contains four copies of a Smad3/Smad4 binding element, SBE (43) . Increasing concentrations of Erbin caused a gradual decrease in TGF␤-dependent transcription from the SBE-Luc reporter (Fig. 3A) . Overexpression of Erbin also suppressed TGF␤-induced ARE-Luc reporter activity (Fig. 3B) , which depends on the transcriptional cooperation between the transcription factor FoxH1/Fast-1 and the activated Smad2 and Smad4 (27) . In addition, Erbin inhibited TGF␤-induced activity of the natural p21 CIP1 promoter (Fig. 3C) . In sharp contrast, Erbin did not interfere with the BMP-induced Id1-Luc reporter gene in HaCaT cells (Fig. 3D ) or in C2C12 cells (Fig.  3E) . These data were in accordance with our demonstration that Erbin interacted with Smad2/Smad3 but not with Smad1 (Fig. 1A) .
Previous studies had shown that Erbin inhibits ERK activation by disrupting the Sur-8-Ras-Raf interaction (8, 20) , and ERK function is required for maximal activation of some target genes by TGF␤ (17, 25) . To exclude the possibility that Erbin inhibits TGF␤ signaling through its role in ERK inactivation, we examined whether Erbin inhibits TGF␤-induced SBE-Luc expression in the presence of the MEK inhibitor U0126. U0126, but not U0124, effectively inhibited epidermal growth factor-induced ERK phosphorylation (Fig. 3G) . As shown in Fig. 3F , U0126 did not inhibit TGF␤-induced activation of the SBE-Luc reporter, and im- Fig. 3H , Erbin attenuated both high basal activity and TGF␤-induced activity of S3LC, suggesting that Erbin inhibits Smad3 signaling through the MH2 domain. SID is necessary and sufficient for Erbin-mediated inhibition of TGF␤ signaling. We next sought to evaluate how SID contributes to Erbin-dependent inhibition of TGF␤ signaling. Various deletion mutants of Erbin were examined for their ability to inhibit TGF␤-induced transactivation of the SBE-Luc reporter. As shown in Fig. 4A , the LRR domain alone had no inhibitory effect on TGF␤-induced SBE-Luc expression, although it was expressed to a level similar to that of wild-type Erbin (Fig. 4B) . Other deletion mutants containing SID exhibited inhibitory effects similar to that of wild-type Erbin. Notably, ectopic expression of SID alone could suppress TGF␤-induced SBE-Luc expression, suggesting that SID is sufficient for mediating Erbin's inhibitory effect on TGF␤ signaling.
We then examined the effect of Erbin-v7, which lacks a large chunk of SID (Fig. 2E) , on TGF␤ transcriptional responses. Parallel comparison between Erbin and Erbin-v7 revealed that Erbin-v7 failed to inhibit TGF␤-induced transcriptional activation of SBE-Luc (Fig. 4C ) or p21-Luc (Fig.  4D) , suggesting that SID is essential for Erbin to inhibit TGF␤ signaling.
Erbin suppresses activin-responsive but not BMP-responsive endogenous gene expression in Xenopus embryos. During early vertebrate development, activin/nodal and BMP signals are known to control embryonic patterning and cell fate determination (7) . Activation of TGF␤ signaling induces mesoderm-and endoderm-specific gene expression in a dose-dependent fashion in early Xenopus embryos. To examine whether Erbin can regulate TGF␤ signaling during Xenopus embryogenesis, we determined the effects of Erbin overexpression on activin-or BMP-induced endogenous gene expression in Xenopus ectodermal explants (animal caps). As shown in Fig. 5 , activin and Smad2 induced a whole range of mesendodermal markers, including the ventrolateral mesodermal marker Xwnt8, the dorsal mesodermal marker chordin, and the endodermal marker Sox17␣, at gastrula stages as well as the dorsal mesodermal marker type II collagen at tadpole stages (compare lanes 2 and 4 with lane 1). Coexpression of Erbin with activin or Smad2 suppressed expression of these genes (compare lane 3 with 2 and lane 5 with 4). In contrast, when Erbin was coexpressed with BMP4 or Smad1, the genes activated by these molecules, including the ventral mesodermal marker Xhox3 at gastrula stages and the blood maker globin at tadpole stages, were not significantly affected (compare lane 9 with 8 and lane 7 with 6). The results of three independent experiments were similar. Taken together, these results are consistent with the cell culture data and indicate that Erbin preferentially blocks activin, but not BMP, signals in Xenopus animal caps.
Knockdown of Erbin expression enhances TGF␤ growthinhibitory and transcriptional responses.
We next took a lossof-function approach to address whether Erbin depletion enhances TGF␤-dependent transcriptional responses. We made two shRNAs against Erbin. Expression of these shRNAs reduced Erbin protein levels in HEK293T cells (Fig. 6A) and significantly increased TGF␤-induced SBE-Luc reporter activity in HaCaT cells (Fig. 6B) . We then established HaCaT stable cells that express Erbin shRNA-795. A significant reduction in Erbin expression was detected in two independent stable clones (KD-1 and KD-2) compared to the level of Erbin expression in a vector control cell line (cytotoxic T lymphocytes [CTL]) (Fig. 6C) . The stable control CTL cell line carrying shRNA expression vector pSRG behaved similarly to its parent HaCaT cells in several aspects, including TGF␤-induced Smad2/Smad3 phosphorylation, growth inhibition, and transcription induction (data not shown). These stable cells were used to compare their growth-inhibitory and transcriptional profiles in response to TGF␤. TGF␤ potently inhibits cell cycle progression at the G 1 phase. Smad3 has a key function in mediating the TGF␤ growth-inhibitory response (10, 14) . Thus, we investigated whether knockdown of Erbin expression affected the ability of cells to undergo growth inhibition in response to TGF␤. KD-1 and KD-2 cells were cultured in the presence of various amounts of TGF␤ for 48 h, and [
3 H]thymidine incorporation into cellular DNA was quantified. As shown in Fig. 6D , knockdown of Erbin expression rendered cells more sensitive to TGF␤-induced growth inhibition. This enhanced growth-inhibitory response to TGF␤ was apparent especially at low concentrations of TGF␤ (0.1 ng/ml), and the cells reached a maximal level of growth arrest between 1 and 5 ng/ml of TGF␤, whereas in control cells the peak growth inhibition occurred at approximately 0.5 ng/ml.
We also examined the effect of Erbin knockdown on expression of TGF␤ target genes. As shown in Fig. 6E , cyclin-dependent kinase inhibitors p15 and p21, which are thought to mediate TGF␤ cell cycle arrest, exhibited a strong induction in response to TGF␤ in control HaCaT cells (Fig. 6E, lanes 1 and  2) . Importantly, knockdown of Erbin profoundly enhanced TGF␤-induced p15 and p21 expression, as the protein levels of these genes were significantly higher in Erbin knockdown KD-2 cells than they were in control cells. Similarly, TGF␤-induced expression of plasminogen activator inhibitor 1 (PAI-1) also was enhanced. It has been shown that the p15, p21, and PAI-1 genes are induced by TGF␤ at transcriptional levels. To further prove that Erbin knockdown specifically enhances TGF␤ gene responses at the transcriptional level, we analyzed several TGF␤-responsive reporters. We found that knockdown of Erbin expression resulted in an increase in TGF␤-dependent transcriptional activation from both the natural promoter, as in the case of p21-Luc (Fig. 6F) , and synthetic promoters, as in the cases of SBE-Luc (Fig. 6G ) and ARE-Luc (Fig. 6H ), but not in BMP-dependent transcriptional activation from Id1-Luc (Fig. 6I) . Erbin blocks downstream oligomerization and nuclear translocation of Smad2/Smad3. Activation of R-Smad proteins involves receptor-mediated phosphorylation and oligomerization with Smad4, followed by subsequent nuclear translocation. To further characterize the mechanism of Erbin's inhibitory effect on TGF␤ signaling, we sought to determine the steps that Erbin acts on in the TGF␤ signaling pathway. We first examined whether Erbin affected TGF␤-induced phosphorylation of Smad2/Smad3. The level of Smad2/Smad3 phosphorylation, mediated by T␤RI/ ALK5, was examined by Western blotting with an antibody specific for phospho-Smad2/Smad3. Ectopic expression of Erbin did not affect the level of P-Smad2 (Fig. 7A and C) or P-Smad3 (Fig. 7B and D) in the presence of either activated T␤RI(T202D) or soluble TGF␤ ligand.
To investigate whether Erbin affects oligomerization of RSmads with Smad4, we examined the effect of Erbin on Smad3-Smad4 association. The GST-Smad4 fusion protein could bind to 35 S-labeled Smad3 in vitro (Fig. 8A, lane 3) . Interestingly, addition of 35 S-labeled Erbin caused a decrease in the level of GST-Smad4-bound Smad3, indicating that Erbin could disrupt the interaction between Smad3 and Smad4 (Fig. 8A, lane 2) . Furthermore, in accordance with our observation that SID repressed the TGF␤-responsive reporter activation (Fig. 3F) , we found that SID also could decrease the association between GST-Smad4 and GST-Smad3 to similar extents (Fig.  8A, lane 4) .
To examine whether Erbin could decrease the complex formation between Smad2/Smad3 and Smad4 in vivo, we carried out coimmunoprecipitation experiments. As expected, ALK5(T202D) stimulated the interaction between Smad4 and Smad2/Smad3. Coexpression of Erbin reduced the Smad2/Smad3-Smad4 association (Fig. 8B) , indicating that Erbin could block oligomerization of Smad2/Smad3 with Smad4 in vivo. To confirm that Erbin reduced Smad3-Smad4 association in a phosphorylation-independent manner, we utilized the phosphorylation-mimetic mutant Smad2/Smad3(2SD), which readily associates with Smad4 in the absence of ALK5(T202D). As shown in Fig. 8C , coexpression of Erbin resulted in a reduced formation of the Smad3(2SD)-Smad4 or Smad2(2SD)-Smad4 complex. Taken together, these data indicated that Erbin could physically sequester Smad2/Smad3 from forming a complex with Smad4. These results prompted us to carry out titration experiments to further examine if Erbin or Smad4 competes for Smad3. Indeed, an increased amount of Erbin reduced the association of Smad4 with Smad3 in coimmunoprecipitation experiments (Fig. 8D) . Reciprocally, increased doses of Smad4 reduced the association of Erbin with Smad3 (Fig. 8E) . These data suggest that the relative ratio of Erbin to Smad4 or their relative affinity for R-Smads influences the level of TGF␤ responses in a given cell.
Erbin resides at the cell membrane and/or cytoplasm in mammalian cells. We next asked whether Erbin inhibited the nuclear accumulation of Smad2/Smad3 in response to TGF␤. We used GFP-Smad2-expressing HaCaT stable cells, which exhibit an easily detectable Smad2 nuclear translocation upon TGF␤ stimulation (34) . GFP-Smad2 stable cells were transfected with Erbin or Erbin-LRR and treated with TGF␤. Expression of Erbin effectively blocked TGF␤-induced GFP-Smad2 accumulation in the nucleus, as Erbinpositive cells (white arrowhead) exhibited a comparatively weak green fluorescence all over the cells (Fig. 8F) , while a strong green fluorescence could be observed easily in the nuclei of Erbin-negative cells. In spite of its expression level, which was similar to that of wild-type Erbin, Erbin-LRR, which was unable to interact with Smad2/Smad3 (Fig. 2B) , failed to block GFP-Smad2 translocation in response to TGF␤. These results suggest that Erbin-mediated inhibition of Smad2 nuclear translocation requires its interaction with Smad2.
DISCUSSION
One notable difference among the members of the LAP protein family is their divergent intermediate regions between the N-terminal LRRs and the C-terminal PDZ domains, which might confer simply member-specific interactions. Using a series of Erbin deletion mutants containing an LRR, a PDZ domain, and several intermediate regions, we have identified a region in Erbin, designated SID (for Smadinteracting domain or Smad-inhibitory domain), that is crucial for Erbin-R-Smad2/Erbin-R-Smad3 interaction as well as for Erbin's inhibitory role in TGF␤ signaling. SID locates in a functionally unassigned region in Erbin, which is different from established protein-interacting domains such as the PDZ domain for direct binding to ErbB2 (4, 19) and the LRR domain for direct binding to . Thus, identification of this unique SID suggests that the function of Erbin (12) , Erbin mainly is found on the plasma membrane and/or in the cytoplasm in cultured cells (4, 19, 29) . Thus, Erbin's action on TGF␤ signaling most likely is achieved outside of the nucleus. One mechanism by which Erbin could influence Smad2/Smad3 activity is through modulation of Smad2/Smad3 activation by TGF␤ receptors on the cell membrane. However, several lines of evidence argue against this possibility. First, Erbin's inhibitory effect on TGF␤-induced gene transcription is independent of the LRR or the PDZ domain (Fig. 4) . Second, we did not observe any association between Erbin and TGF␤ receptors in coimmunoprecipitation experiments with HEK293T cells (data not shown). Erbin also did not interact with the membrane-associated adaptor molecule SARA, which facilitates the interaction of Smad2 and Smad3 with the activated TGF␤ receptors (data not shown). Finally, Erbin has no effect on the level of phosphorylated Smad2/Smad3 directly induced by constitutively active T␤RI(T202D) or ligand stimulation (Fig. 7) . Therefore, Erbin seems to inhibit TGF␤ signaling at a step downstream of Smad2/Smad3 phosphorylation by disrupting the Smad complex in the cytoplasm. Erbin and Smad4 compete for binding to Smad3 (Fig. 8D and E) , suggesting that the relative ratio of Erbin and Smad4 or their relative affinity for R-Smads influences the strength of TGF␤ responses in a given cell.
Since Erbin's basolateral localization (4, 19, 29) as well as the nucleocytoplasmic shuttling of R-Smads (21, 34, 38, 42) has been well characterized, the localization of Erbin-Smad interaction presumably is restricted by the location at which Erbin resides. Erbin-mediated inhibition of TGF␤ signaling logically would occur on the basolateral side. However, it is not clear how expression or activities of TGF␤ signaling components and other regulators (other than Erbin) are distributed in a polarized epithelial cell. Murphy et al. reported that Smad2/Smad3 phosphorylation primarily occurs through ligand addition to the basolateral surface (33) . The endogenous TGF␤ ligand secretion was from the apical surfaces, while the endogenous type I receptor and a chimeric type II receptor (the extracellular ligand-binding domains of granulocyte-macrophage colony-stimulating factor receptors fused with the cytoplasmic and transmembrane domains of the type II receptor) were localized at the basolateral surfaces of polarized MDCK cells (33) . Therefore, a combined spatial and temporal localization of ligand, receptors, Smads, and other signaling modulators (e.g., Erbin) would define the overall strength of TGF␤ responses in these locales in polarized cells.
As a negative modulator of Smad2/Smad3 function, proper expression of Erbin and its alternative transcripts may play an important role in modulating TGF␤-induced cellular response, e.g., cell growth inhibition and cell fate determination. Several studies revealed that Erbin expression could be regulated at the transcriptional level by different stimuli. Erbin was induced by proinflammatory stimuli such as tumor necrosis factor alpha (32) or by BRCA1 overexpression (2) . It also is conceivable that inhibition of TGF␤ antiproliferative responses, rather than ErbB2/Her2 proproliferative actions, by increased expression of Erbin likely contributes to tumorigenesis. Indeed, DNA copy numbers of Erbin in cervical tumor samples were found to be significantly different from those of normal controls (18) , and increased expression of Erbin genes has been observed in in vitro colon carcinoma and glioblastoma models (9) .
TGF␤ and the related activin and BMPs are well-known regulators of embryonic patterning and cell fate specification (16) . Our studies have revealed that a novel and unique function of Erbin is restricted to the regulation of Smad2/ Smad3-dependent activin/TGF␤ signaling. Consistent with its inhibitory role in TGF␤ growth-inhibitory and transcriptional responses in cultured human cells, Erbin also profoundly inhibits activin/Smad2-mediated, but not BMP/ Smad1-mediated, induction of endogenous genes required for cell fate specification in Xenopus embryos (Fig. 5) . Despite the finding that Erbin inhibits the TGF␤ signaling pathway, further detailed studies are needed to dissect the physiological roles of Erbin during development and/or in human diseases.
